The development of polyphenols as drugs for Alzheimer's disease (AD) is thwarted by their meagre brain availability due to instability and poor druglikeness. Here we describe the successful development of stable, druglike polyphenolic analogues of the current AD drug rivastigmine, that have high apparent blood-brain barrier permeabilities and multifunctional properties for AD treatment. The compounds inhibit cholinesterases and amyloid beta (Aβ) fibrillation, protect against Aβ 42 -induced toxicity in vitro, and demonstrate efficacy in vivo in a transgenic Caenorhabditis elegans model expressing Aβ 42 , with potencies similar to rivastigmine and natural polyphenols. The results suggest that a tertiary amine substituent is amenable for developing water-soluble, membrane-permeable polyphenols, and its incorporation adjacent to a hydroxy group is favourable for intramolecular hydrogen bonding that facilitates membrane permeability. Carbamylation of one hydroxy group protects the polyphenols from degradation and mostly improves their membrane permeability. These design strategies may assist in the development of polyphenol-based drugs.
A lzheimer's disease (AD) is the most common cause of dementia, which is characterised by dysfunction in cognition and memory 1 . Worldwide, over 44 million people are currently living with dementia, and this number is predicted to increase to around 135 million by 2050 2 . According to the amyloid hypothesis, fibrillation of accumulating amyloid beta (Aβ) is the primary event associated with AD pathogenesis 3 . Consequently, inhibition of Aβ fibrillation is a prospective disease-modifying drug target for AD 4 .
A class of molecules showing potent inhibition of Aβ fibrillation are natural polyphenols, such as (−)-epigallocatechin gallate (EGCG) and tannic acid [5] [6] [7] . However, the development of polyphenols as drugs for AD and other central nervous system (CNS) diseases is thwarted by their poor CNS availability 8 . This is understandable because many polyphenols do not comply with Lipinski's rule of five 9, 10 or with CNS druglike criteria [11] [12] [13] [14] . Furthermore, they are very susceptible to first-pass conjugative metabolism, and they contain metabolically unstable groups such as the ester linkages within EGCG and tannic acid 9, 15 . Another substantial impediment to the delivery of polyphenols to their sites of action in vivo is their high propensity to oxidise to quinones, which are a class of compounds that have been associated with toxicity by acting as promiscuous electrophiles 16, 17 .
We now report the development of potent, druglike inhibitors of Aβ fibrillation, with estimated high blood-brain barrier (BBB) permeabilities, despite the molecules containing a polyphenolic pharmacophore such as pyrogallol or catechol. This was achieved by incorporating one or two additional hydroxy groups into the structure of the current AD drug, rivastigmine, and of its metabolite, NAP 226-90 (NAP) (Fig. 1a) . Rivastigmine is a secondgeneration cholinesterase (ChE) inhibitor, which presents advantages compared to the first generation ones: it readily crosses the BBB; has minimal peripheral side effects; and pseudoirreversibly inhibits both acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) 18, 19 . The mechanism of action of rivastigmine involves carbamylation of the ChE active-site serine residue, with concomitant formation of the phenol NAP (Fig. 1a) 19 . We hypothesised that rivastigmine analogues containing one or two additional hydroxy groups on the aromatic ring could cross the BBB, and react with the ChE active-site serine residue, thereby releasing polyphenolic analogues of NAP (Fig. 1a) . Furthermore, we hypothesised that these NAP analogues would possess the anti-Aβ fibrillation property of polyphenols such as EGCG. Although research has focussed on increasing the ChE inhibitory potential of rivastigmine 18, [20] [21] [22] [23] , which would have a symptomatic effect in AD, no previous study has used the subtle change of only adding one or two hydroxy groups to the structures of rivastigmine or NAP as a basis for delivering potentially disease-modifying polyphenols to the brain. Moreover, this approach may create a multifunctional molecule, with anti-ChE activity residing in the rivastigmine analogue, and anti-Aβ fibrillation activity attributed to the NAP analogue, which would be released in vivo by the action of ChEs. Beneficially, the selectivity of rivastigmine for the G1 isoform of AChE 24 may promote polyphenolic NAP analogue release in the areas of the brain that are most affected by AD 23, 25 , as explained in the Supplementary Discussion. Another advantage of this strategy is that carbamylation of one of the phenolic hydroxy groups of the NAP analogues (thus forming rivastigmine analogues) may both protect the compounds from auto-oxidation and impede conjugative metabolism, which are undesirable traits that hinder the delivery of natural polyphenols.
Here, we communicate the design and synthesis of druglike polyphenolic analogues of rivastigmine and NAP. We describe their inhibitory effects on Aβ 42 fibrillation and ChE activity, and determine the X-ray crystal structures of both AChE and BuChE in complex with the most effective compound, demonstrating that the enzymes are carbamylated and release the active polyphenolic product. We characterise the BBB permeabilities and chemical stabilities of the most promising compounds, showing that some compounds have high permeability and good stability. Finally, we report that these compounds protect against Aβ 42 induced toxicity in both SH-SY5Y neuroblastoma cells in vitro and a transgenic Aβ 42 -expressing Caenorhabditis elegans strain 26 in vivo.
Results
Synthesis of phenols 1-7. NAP analogues (Fig. 1b) containing one (2) (3) (4) (5) or two (6 and 7) additional hydroxy groups compared to racemic NAP (1) were selected for synthesis. A new route for the synthesis of racemic NAP (1) was developed as described in Fig. 1c and in the Supplementary Discussion. A similar route was also used for the synthesis of NAP analogues 2-7 (Fig. 1d , Table 1 and Supplementary Discussion).
Effects of the phenols on Aβ fibrillation. After racemic NAP (1) and NAP analogues (2-7) had been synthesised, their effects on Aβ fibrillation were evaluated using fluorescent dyes, specifically thioflavin-T (ThT) and ProteoStat dye assays 27, 28 , as well as by transmission electron microscopy (TEM). The ThT assay kinetic traces for Aβ 42 fibril formation, alone and in the presence of compounds 1-7, EGCG, and gallic acid, are shown in Fig. 2a . A characteristic sigmoidal kinetic accrual curve was observed 29 , to which an empirical sigmoidal model was fitted and the amplitude obtained. The extent of fibrillation was estimated from the amplitude of each compound-treated sample, expressed relative to the control Aβ 42 amplitude, which represented 100% fibrillation (Fig. 2b ). Figure 2 clearly shows that except for racemic NAP (1) and 4, the compounds inhibit Aβ 42 fibrillation.
The results of the ThT assay were verified by estimating the extent of fibrillation at equilibrium with the ProteoStat dye 28 ( Fig. 2c) . Figure 2c illustrates that in the ProteoStat assay the compounds displayed similar effects to those observed using the ThT assay. The results of both fluorometric assays document that EGCG and 5 are very strong inhibitors of Aβ 42 fibrillation, while 2 and 3 are strong-to-moderate inhibitors. NAP analogues 6 and 7 showed relatively moderate-to-weak activity, while 4 and racemic NAP (1) do not inhibit Aβ 42 fibrillation.
TEM was used to study the effects of the compounds on the morphology of Aβ 42 aggregates after 42 h incubation at the end of the ThT experiment. The observed morphologies were consistent with the findings of the fluorometric assays. The Aβ 42 control showed dense clusters of fibrils (Fig. 2d) , whereas Aβ 42 incubated with EGCG or gallic acid showed amorphous structures (Fig. 2e, f) . TEM photomicrographs for NAP analogues (2-6) showed fibrils for 4 (Fig. 2i) , amorphous structures for 5 (Fig. 2j) , and a combination of fibrils and amorphous structures for 2, 3 and 6 (Fig. 2g , h and k, respectively). It was further observed that incubation with 5 ( Fig. 2j ) resulted in amorphous structures very similar to those obtained after incubation with EGCG (Fig. 2e) .
In terms of structure-activity relationships for inhibition of Aβ 42 fibrillation, di-hydroxy NAP analogues were better inhibitors than tri-hydroxy NAP analogues, with the exception of dihydroxy compound 4, which was inactive. For di-hydroxy analogues (2) (3) (4) (5) , when the additional hydroxy group was present at a para position (5) relative to the racemic NAP (1) hydroxy group, the compound was a very strong inhibitor, displaying activity that was more potent than that of gallic acid, and comparable to that of EGCG. When the additional hydroxy group was present at an ortho position (2 and 3) relative to the racemic NAP (1) hydroxy group, the molecules were strong-to-moderate . We hypothesised that rivastigmine analogues containing one or two additional hydroxy groups on the aromatic ring would react with the ChE active-site serine, releasing polyphenolic analogues of NAP, which possesses the anti-Aβ fibrillation property of polyphenols such as epigallocatechin gallate (EGCG). The carbamylated serine is identical to that formed by rivastigmine; hence, we hypothesised that the rivastigmine analogues would also cause pseudo-irreversible inhibition of ChEs. b Chemical structures of racemic NAP (1) and NAP analogues (2-7). Red indicates hydroxy group/s added to the NAP structure. NAP 226-90 is the (S)-enantiomer of compound 1. (c) Synthesis of racemic NAP (1) using a previously unreported synthetic route. Reagents and conditions: (i) NH 2 OH·HCl, triethylamine, MeOH, reflux; (ii) 10 wt % Pd/C, H 2 , MeOH, rt; (iii) 10 wt% Pd/C, H 2 inhibitors, equipotent with gallic acid but less active than EGCG. Moreover, when the hydroxy group was at the meta position (4) relative to the racemic NAP (1) hydroxy group, the compound was inactive. Overall, the results supported the hypothesis that the introduction of one or two additional hydroxy group/s into the racemic NAP (1) aromatic ring can produce analogues that inhibit Aβ 42 fibrillation, whereas racemic NAP (1) itself lacks this activity. At this point, compounds 2, 3 and 5 emerged as promising Aβ 42 fibrillation inhibitors among the series of synthesised compounds (1-7).
Estimation of the BBB permeabilities of the phenols. An MDR1-MDCKII cell-based model 30, 31 was used to estimate the BBB permeabilities of the Aβ 42 fibrillation inhibitors, NAP analogues 2, 3 and 5, as well as a series of reference compounds including the natural polyphenols EGCG and gallic acid. Table 2 shows the apparent permeability (P app ) values and permeability categories for the compounds. Propranolol 32 , metoprolol, and the current approved AD drugs (S)-rivastigmine, donepezil, and galantamine were used as high permeability reference compounds. Nadolol, fenoterol, and digoxin were used as low permeability reference compounds, and digoxin was also a marker of P-glycoprotein (P-gp) efflux 32 . Although EGCG and gallic acid are very good inhibitors of Aβ 42 fibrillation in vitro, the MDR1-MDCKII cell-based model shows that they have very low permeabilities (P app values even lower than nadolol, fenoterol and digoxin) 32 , suggesting that they cross the BBB very poorly, thus preventing their use as drugs for AD. Remarkably, racemic NAP (1), 2 and 5 showed high permeabilities, while 3 had moderate permeability bordering on the low permeability category. This indicates that the effect on P app of adding one hydroxy group onto the aromatic ring of racemic NAP (1) can vary substantially depending on the exact position of the additional hydroxy group. When the additional hydroxy group was ortho to the alkyl amino group of racemic NAP (1) (compounds 2 and 5), the P app was practically unaffected; however, when the additional hydroxy group was para to the alkyl amino group of racemic NAP (1) (compound 3), the P app was substantially reduced. In silico modelling predicted that the lowest energy conformations of 2 and 5 each contain an intramolecular hydrogen bond between the additional hydroxy group and the adjacent tertiary amine (Supplementary Table 6 ). This bond would promote the membrane permeability of 2 and 5 by concealing their polar hydroxy and tertiary amine groups 33 . In contrast, intramolecular hydrogen bonding is not predicted for 3 in which the additional hydroxy group is distant to the tertiary amine (Supplementary Table 6 ), possibly explaining why its membrane permeability is inferior to 2 and 5. Compound 3 is also predicted to be more hydrophilic than 2 and 5, further explaining its lower membrane permeability (compound 3 has a larger solvent accessible hydrophilic surface area and a lower octanol-water partition coefficient than 2 and 5, according to calculated QikProp FISA and QPlogPo/w descriptors, Supplementary Table 7) . Interestingly, an intramolecular hydrogen-bonding motif similar to that predicted for 2 and 5 exists in α-aminocresol antimalarial compounds, including the drug amodiaquine [34] [35] [36] .
The P app values of racemic NAP (1), 2, 3 and 5 were 38-to 324-fold greater than the P app values of poorly permeable matched pair compounds containing a carboxylic acid group in place of the alkyl amino group (Table 2 ). These differences in permeabilities can be explained by the predicted higher hydrophilicities and degrees of ionisation of the acids, which had larger solvent accessible hydrophilic surface areas, no solvent accessible hydrophobic surface areas, substantially lower octanol-water partition coefficients, and stronger pK a values compared with the matched amines (based on the calculated QikProp FISA, FOSA, and QPlogPo/w descriptors, and Epik pK a values, Supplementary Table 7 ). The literature indicates that basic aliphatic amines are a common feature of CNS drugs with good brain availability, unlike carboxylic acids, which are generally associated with poor brain availability and are uncommon in CNS drugs [12] [13] [14] . This knowledge combined with our results suggests that a tertiary amine group is preferred to a carboxylic acid group for developing water-soluble, membrane-permeable polyphenols, and its incorporation adjacent to a hydroxy group is favourable for intramolecular hydrogen bonding that facilitates membrane permeability.
Chemical stabilities of the phenols. Phenols that contain two hydroxy groups either ortho or para to each other are susceptible to auto-oxidation into ortho-and para-quinones, respectively 37 . This includes natural polyphenols that contain catechol and pyrogallol moieties 38, 39 . The chemical stabilities of Aβ 42 fibrillation inhibitors 2, 3 and 5, as well as of EGCG, were studied in pH 7.4 phosphate buffer over 36 h (Fig. 2l ). Solutions were placed into high-performance liquid chromatography (HPLC) autosampler vials that were sealed with PTFE/silicone septa and the headspace was air. Samples were analysed by reversed-phase (RP)-HPLC after 5 min, 2, 4, 6, 10, 14, 18, 24 and 36 h. EGCG completely degraded within 18 h. NAP analogue 5 degraded at a faster rate than 2 and 3, which displayed similar profiles; however, the degradation of these three compounds (2, 3, and 5) was much slower than that of EGCG, with 75% of 2, 66% of 3 and 45% of 5 remaining after 36 h. Although 2, 3 and 5 are relatively more stable than EGCG, they nevertheless exhibited substantial degradation under the test conditions. We hypothesised that this liability could be overcome by carbamylation of one of their hydroxy groups, thus forming rivastigmine analogues that are less susceptible to auto-oxidation. Furthermore, as discussed above, the rivastigmine analogues may offer advantages in terms of BBB permeability, ChE inhibition, and release of the NAP analogue in the AD-affected brain. Hence, we proceeded to synthesise rivastigmine analogues 9-12, and racemic rivastigmine (8) .
Synthesis of carbamates 8-12. The chemical structures of rivastigmine analogues 9-12, and of racemic rivastigmine (8) are shown in Fig. 3a . Each of these molecules (8) (9) (10) (11) (12) is the carbamylated form of a corresponding phenol, as listed here (phenol, carbamate): 1, 8; 2, 9; 3, 10; 5, 11; and 6, 12. Carbamylated derivatives of 4 and 7 were not synthesised because 4 did not inhibit Aβ 42 fibrillation and 7 was a relatively weak inhibitor. The synthesis of racemic rivastigmine (8) is described in Fig. 3b and in the Supplementary Discussion.
For the synthesis of rivastigmine analogues 9-12, it was necessary to selectively carbamylate only the hydroxy group corresponding to the NAP hydroxy group; therefore, an orthogonal protecting group strategy was developed as described in Fig. 4, Supplementary Figs. 2 and 3 , and the Supplementary Discussion.
Effects of the carbamates on Aβ fibrillation. The effects of (S)-rivastigmine [(S)-8] and the rivastigmine analogues (9-12) on Aβ fibrillation was evaluated using ThT and ProteoStat dye assays, as well as TEM ( Supplementary Figs. 18-20) . Just like its phenolic counterpart (1), (S)-rivastigmine [(S)-8] did not inhibit Aβ 42 fibrillation. Rivastigmine analogue 11 was also inactive, in contrast to the corresponding NAP analogue (5), which was a very strong Aβ 42 fibrillation inhibitor. Rivastigmine analogues 9 and 10 displayed relatively moderate-to-weak activity, and were ca. 2-4-fold less potent than the corresponding NAP analogues 2 and 3, respectively. Thus, carbamylation of 2, 3 and 5, the most promising Aβ 42 fibrillation inhibitors among the NAP analogues series (2-7), results in the formation of rivastigmine analogues (9-11) with little or no direct effects on Aβ 42 fibrillation. Therefore, the rivastigmine analogues (9-11) have the potential to be prodrugs of Aβ 42 fibrillation inhibitors (NAP analogues 2, 3 and 5).
Inhibition of ChEs by the carbamates. Our strategy involved release of potentially disease-modifying NAP analogues in vivo, upon decarbamylation of their respective rivastigmine counterparts by the different ChEs (Fig. 1a) . This process would encompass carbamylation of the ChE active-site serine residue, causing pseudo-irreversible inhibition of the enzyme 23 . ChE inhibition is an important symptomatic drug target for AD, and three of the four currently available drugs (donepezil, . Rivastigmine analogues 9-11 were less potent than racemic rivastigmine (8) by a factor of 2.9-to-18.5, with 10 and 11 having similar potency to each other, which was superior to 9.
The results shown in Table 3 and Supplementary Table 4 are based on a 40 min period of incubation of compound with enzyme prior to measuring ChE activity. The effects of varying the incubation time on ChE activity is shown in Fig. 5a , b for 11 and in Supplementary Fig. 21 for rivastigmine (8) X-ray crystallographic studies. To confirm that inhibition is caused by carbamylation of the catalytic serine conserved in all ChEs, we determined the three-dimensional structures of Torpedo californica AChE (TcAChE) and huBuChE upon incubation with 11, the most promising compound at this stage. TcAChE is an accepted model of huAChE due to high structural similarity. The structures refined at 2.05 Å resolution for TcAChE (PDB ID: 6EUE; Fig. 5c and Supplementary Fig. 22a ), at 2.60 Å for huBuChE produced in Chinese hamster ovary cells (huBuChE-CHO, PDB ID: 6EYF; Fig. 5d and Supplementary Fig. 22b ), and at 2.70 Å for huBuChE produced in insect cells (huBuChE insect , PDB ID: 6EZ2, not shown), unequivocally show that 11 carbamylates the catalytic serine within the active-site gorge. In contrast to the structure of the rivastigmine-TcAChE complex (PDB ID: 1GQR) 19 , we do not observe a NAP analogue (5) bound in the active-site. Its position is occupied by a PEG molecule (Supplementary Fig. 22a ), as frequently seen in AChE structures obtained from crystals when using PEG as the precipitant. The presence of PEG instead of 5 shows that the product (5) is released from the active-site gorge and is free to diffuse into inter-synaptic space to act as an anti-Aβ fibrillation agent. Additionally, for TcAChE, we observed two alternative conformations for Phe330 (Supplementary Fig. 22a ) and His440 (Fig. 5c) , the latter belonging to the catalytic triad. Compared to the native structure, the His440 side chain is displaced from its most stable conformation by the carbamoyl moiety of Ser200. In BuChE structures, extra electron density was observed inside the gorge. While this density was difficult to assign in the huBuChE insect structure, it was obvious that it corresponds to an additional molecule of 11 in the huBuChE CHO structure (Supplementary Fig. 22b ). The presence of this molecule is certainly due to the high compound concentration used during co-crystallisation. Nevertheless, the potential release of the NAP analogue (5) from the active-site gorge was demonstrated. All X-ray crystal structures confirm the potential of 11 to act as a multifunctional molecule with inherent ChE inhibition, as well as being a prodrug of 5, which is released by the action of ChEs and inhibits Aβ fibrillation.
Estimation of the BBB permeabilities of the carbamates. The MDR1-MDCKII cell-based model was used to estimate the BBB permeabilities of racemic rivastigmine (8) and rivastigmine analogues (9-11) (Table 4) , with reference compounds included for comparison (Tables 2 and 4 ). All the carbamates (8-11) had high permeabilities, with 8, 9 and 11 even more permeable than the reference compounds, propranolol, metoprolol and galantamine. There was no meaningful difference between the permeabilities of (S)-rivastigmine [(S)-8] and racemic rivastigmine (8), indicating that stereochemistry does not affect the transport of rivastigmine across the MDR1-MDCKII cell monolayer, which probably occurs via passive transcellular diffusion. The permeability of carbamate 9 was similar to that of the corresponding phenol 2, whereas for carbamates 8, 10 and 11 the permeabilities were 1.3-fold, 8.1-fold and 1.3-fold greater than for the corresponding phenols 1, 3 and 5, respectively. Thus, carbamylation of a phenolic hydroxy group in this series of compounds can either enhance or have very little effect on BBB permeability, which is generally consistent with carbamylation decreasing the hydrophilicity of the compounds (compared to the phenols the carbamates had smaller solvent accessible hydrophilic surface areas, larger solvent accessible hydrophobic surface areas, and higher octanol-water partition coefficients, according to calculated Supplementary Fig. 2 QikProp FISA, FOSA and QPlogPo/w descriptors, Supplementary Table 7 ). Compounds 9-11 each contain one more hydroxy group than rivastigmine, and the exact position of the additional hydroxy group on the aromatic ring affected P app in a similar manner to that observed previously for NAP analogues 2, 3 and 5. Specifically, when the additional hydroxy group was para to the alkyl amino group of racemic rivastigmine (8) (compound 10), intramolecular hydrogen bonding between these two distant polar groups was impossible (confirmed by in silico modelling, Supplementary Table 6 ) and the P app was substantially reduced, although 10 was nevertheless highly permeable. When the additional hydroxy group was ortho to the alkyl amino group of racemic rivastigmine (8) (compounds 9 and 11), intramolecular hydrogen bonding (Supplementary Table 6 ) concealed the polarity of these two adjacent groups 33 and the P app was less affected, with the P app of 11 essentially identical to the P app of racemic rivastigmine (8) while that of 9 decreased by one-third but was still well within the high permeability category. The P app value of racemic rivastigmine (8) was 9.3-fold greater than the P app value of its moderately permeable matched pair compound containing a carboxylic acid group in place of the alkyl amino group, 3-((ethyl(methyl)carbamoyl)oxy)benzoic acid (Table 4) . This difference in permeability can be explained by the predicted higher hydrophilicity and degree of ionisation of the acid, which had a larger solvent accessible hydrophilic surface area, a smaller solvent accessible hydrophobic surface area, a lower octanol-water partition coefficient, and a stronger pKa, compared with racemic rivastigmine (8) (based on the calculated QikProp FISA, FOSA, and QPlogPo/w descriptors and Epik pK a , Supplementary Table 7 ). This confirms the earlier result for the NAP analogues showing that, in general, tertiary amines are preferred to carboxylic acids when developing water-soluble, membrane-permeable compounds.
Chemical stabilities of the carbamates. Previously, NAP analogues 2, 3 and 5 were found to undergo substantial degradation in pH 7.4 phosphate buffer (Fig. 2l) , and we hypothesised that this liability could be overcome by carbamylation of one of their hydroxy groups, thus forming rivastigmine analogues 9-11. The chemical stabilities of 9-11 were studied in pH 7.4 phosphate buffer over 36 h (Fig. 6a-c) . Solutions were placed into HPLC autosampler vials that were sealed with PTFE/silicone septa and the headspace was air. Samples were analysed over the 36 h period by RP-HPLC-high-resolution mass spectrometry (HRMS). Rivastigmine analogue 11 was stable under these conditions over the entire 36 h period (Fig. 6a) , demonstrating that carbamylation of one of the two hydroxy groups of 5 protects it from degradation. Incubation of rivastigmine analogue 10 resulted in the rapid formation of an equilibrium mixture, apparently comprising 10 and its structural isomer 10i, produced by intramolecular transfer of the carbamoyl group of 10 to the adjacent hydroxy group (Fig. 6b) . Only a small amount of NAP analogue 3 was released from 10 and 10i over the 36 h period (Fig. 6b) , signifying that carbamates 10 and 10i are quite stable to hydrolysis (Fig. 6a, 10 + 10i) . Similarly to what was observed for 10, incubation of rivastigmine analogue 9 also rapidly produced an equilibrium mixture, apparently comprising 9 and its structural isomer 9i, produced by intramolecular transfer of the carbamoyl group of 9 to the adjacent hydroxy group (Fig. 6c) . A moderate amount of NAP analogue 2 was released from 9 and 9i progressively over the 36 h period (Fig. 6c) , indicating that carbamates 9 and 9i are less stable to hydrolysis than 10 and 10i (Fig. 6a, 9 + 9i c.f. 10 + 10i) . Overall, carbamylation protected the NAP analogues (2, 3 and 5) from degradation, with carbamate 11 being completely stable (Fig. 6a) , and carbamates 9 and 10 releasing only low-to-moderate amounts of NAP analogues (Fig. 6b, c) , which are inherently more stable over 36 h than the natural polyphenol EGCG (Fig. 2l) .
Protection against Aβ-induced neurotoxicity in vitro. According to the amyloid hypothesis, the accumulation and fibrillation of Aβ are the primary events in AD pathogenesis 3, 40 , and soluble oligomeric forms of Aβ are highly neurotoxic 41 . The ability of the compounds (1-6, [(S)-8], 9-11, EGCG) to protect neurons from Aβ 42 -induced toxicity was assessed using SH-SY5Y neuroblastoma cells. Aβ 42 (30 µM) alone, or in combination with compounds (38 µM), was incubated in pH 7.4 phosphate buffer at 37°C for 2 h, then added to SH-SY5Y cells, and incubated for 48 h at 37°C. The final concentrations of Aβ 42 and of the compounds that the cells were exposed to were 3.9 and 5.0 µM, respectively. Cell viability was estimated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and the results are shown in Fig. 6d . Aβ 42 alone was toxic to the cells, resulting in only 32% cell viability. NAP analogues 2, 3, 5 and 6 protected the cells from Aβ 42 -induced toxicity, with cell viability being significantly higher, at 46-49% (2, 3 and 6: p < 0.05; 5: p < 0.01; c.f. Aβ 42 control), although this outcome was inferior to the protection afforded by EGCG, which allowed 75% cell viability (p < 0.0001 c.f. Aβ 42 control). The activity of these compounds (2, 3, 5, 6 and EGCG) was aligned with the results of earlier experiments demonstrating their ability to inhibit Aβ 42 fibrillation. Interestingly, racemic NAP (1), NAP analogue 4, (S)-rivastigmine [(S)-8], and the rivastigmine analogues (9-11) did not protect the cells from Aβ 42 -induced toxicity, which was consistent with their weak activity or complete inability to inhibit Aβ 42 fibrillation in previous experiments. The inherent toxicity of the compounds alone was examined under the same conditions, and ca. 70% cell viability or more was observed when cells were exposed to these compounds at 5 μM (Supplementary Fig. 23 ).
Protection against Aβ-induced toxicity in vivo. The protective effects of the compounds (1-3, 5, 9, 10, 11, (S)-8 and EGCG) against Aβ-induced toxicity in vivo, was examined using the transgenic GMC101 strain of C. elegans in which the expression of full length Aβ 42 in body wall muscle cells induces paralysis within 48 h at 25°C 42 . Strain CL2122 was used as a transgenic control and does not express Aβ 42, 43 . Figure 6e shows the fraction of nematodes not paralysed after 16, 20 and 24 h at 25°C, for untreated strains GMC101 and CL2122, and GMC101 grown on media that was pre-treated with 100 µL of 2 mM compound (1-3, 5, 9, 10, 11, (S)-8 or EGCG) 26 . The control strain CL2122 exhibited no paralysis over the time course of the experiment, whereas C. elegans GMC101 expressing Aβ 42 showed a timedependent paralysis 26 . The paralysis of GMC101 nematodes in the presence of 3, 5, 10, 11 and EGCG 26 , was significantly delayed in comparison with that of untreated controls at 16, 20 and 24 h at 25°C. These results are in keeping with NAP analogues 3 and 5 being among the most potent Aβ 42 fibrillation inhibitors identified in earlier in vitro studies, while 10 and 11 are rivastigmine analogues that produce 3 and 5, respectively, upon decarbamylation. C. elegans has four ace genes, with ace-1 and ace-2 encoding for two distinct AChEs, ACE-1 and ACE-2, which comprise 95% of all AChE activity 44 . Ace-1 is expressed in muscle cells, while ace-2 is expressed in neurons, and carbamates are known to inhibit C. elegans AChEs [44] [45] [46] . In contrast to the activity of the novel compounds (3, 5, 10 and 11), racemic NAP (1) significantly delayed paralysis at 16 h, but no significant effect was observed at 20 or 24 h, when compared with the untreated controls. Furthermore, (S)-rivastigmine [(S)-8] displayed a significant, albeit relatively weak, delay of paralysis at 16 and 24 h, with no significant effect at 20 h, when compared with the untreated controls. To investigate the inherent toxicity of the compounds, C. elegans transgenic control strain CL2122 was also grown on media that was pre-spotted with 100 µL of 2 mM of compound (1-3, 5, 9, 10, 11, (S)-8 or EGCG). No significant paralysis was observed over the time course of the experiment, except for EGCG and NAP analogue 3, which displayed a minor degree of paralysis at 24 h (CL2122 strain + EGCG, fraction not paralysed 0.97, p < 0.0056 c.f. untreated CL2122, fraction not paralysed 1.0; CL2122 strain +3, fraction not paralysed 0.95, p < Discussion EGCG exhibited potent inhibition of Aβ 42 fibrillation in vitro ( Fig. 2a-k) , and protected against Aβ 42 -induced toxicity in both SH-SY5Y cells in vitro (Fig. 6d) and transgenic C. elegans strain GMC101 in vivo (Fig. 6e) . However, EGCG has very low permeability across a MDR1-MDCKII cell-based model of the BBB (Table 2) , and is rapidly degraded in phosphate buffer (Fig. 2l) . To overcome these disadvantages of EGCG, which are a common trait of many polyphenols, we incorporated one or two additional hydroxy groups into the structure of the current AD drug rivastigmine, and its metabolite NAP (Figs. 1b and 3a) . We hypothesised that this strategy would create a multifunctional molecule, with anti-ChE activity residing in the rivastigmine analogue, and EGCG-like anti-Aβ fibrillation activity attributed to the NAP analogue, which would be released by the action of ChEs (Fig. 1a) . Indeed, NAP analogues 2, 3 and 5 emerged as very strong-to-moderate inhibitors of Aβ 42 fibrillation among the series of synthesised compounds (1-7) (Fig. 2a-k) . Somewhat surprisingly, 2 and 5 showed high permeabilities, while 3 had moderate permeability, across an MDR1-MDCKII monolayer, in stark contrast to the very low permeabilities of EGCG and gallic acid ( Table 2 ). These differences in permeabilities were rationalised in terms of the predicted hydrophilicities of the compounds and polarity-concealing intramolecular hydrogen bonding between the additional hydroxy group and the adjacent tertiary amine group of 2 and 5, indicated by in silico modelling (Supplementary Tables 6 and 7 ). The results suggest that 2, 3 and 5 could be suitable for direct administration to patients as polyphenolic NAP analogues, rather than in the form of carbamates (rivastigmine analogues). However, NAP analogues 2, 3 and 5 exhibited substantial degradation in phosphate buffer (Fig. 2l) , and we hypothesised that this problem could be overcome by carbamylation of one of their hydroxy groups, thus forming rivastigmine analogues that are less susceptible to auto-oxidation and imparting the molecules with anti-ChE activity. Indeed, rivastigmine analogues 9-11 were relatively stable in phosphate buffer (Fig. 6a-c) , notwithstanding isomerization of 9 and 10, and they were strong-to-moderate inhibitors of huAChE and huBuChE, albeit slightly less potent than rivastigmine (Table 3) . These rivastigmine analogues (9-11) were pseudo-irreversible inhibitors of ChEs, which carbamylate the enzyme active-site serine residue with concomitant release of the NAP analogue from the active-site (Fig. 5a-d) . Importantly, rivastigmine analogues 9-11 were estimated to have high BBB permeabilities according to the MDR1-MDCKII cell-based BBB model (Table 4) , with slight differences in P app that could be explained by compound hydrophilicity and polarity-concealing intramolecular hydrogen bonding predicted by in silico modelling (Supplementary Tables 6 and 7) . Furthermore, rivastigmine analogues 10 and 11, and their corresponding NAP analogues 3 and 5, protected against Aβ 42 -induced toxicity in both SH-SY5Y cells in vitro (Fig. 6d) and transgenic C. elegans strain GMC101 in vivo (Fig. 6e) . Therefore, rivastigmine analogues 10 and 11 are prospective multifunctional drugs for AD, with putative ADmodifying properties. Possible limitations of using rivastigmine analogues (e.g., 10 and 11) to deliver NAP analogues (e.g., 3 and 5) to the brain are mentioned in the Supplementary Discussion, including: (a) the potential for cholinergic toxicity to limit the achievable brain concentrations of the compounds; and (b) the possible oxidation of polyphenolic NAP analogues to potentially toxic quinones; although the rivastigmine analogues described in the current study are apparently protected from oxidation and, therefore, offer an opportunity for the brain delivery of an intact polyphenolic pharmacophore, as well as the investigation of its toxicity and of its effect on AD pathology in vivo.
Over the last two decades, there have been many reports of molecules that engage with multiple AD drug targets [47] [48] [49] . These multifunctional molecules, or multi-target-directed ligands (MTDLs) as they are often called, are constructed by combining multiple pharmacophores, each selected to interact with a different target, into a single chemical structure. The degree of integration of the pharmacophores ranges from conjugates containing separate pharmacophores joined by distinct linker groups, through structures containing distinct nonoverlapping pharmacophores fused together without linkers, and on to merged pharmacophores with a high degree of structural overlay 50 . One of the most successful examples of this approach is the phase-2 drug candidate ladostigil (TV3326), which combines the pharmacophores of rivastigmine and the monoamine oxidase-B (MAO-B) inhibitor rasagiline 51 . The rivastigmine pharmacophore has also been combined with a metal chelating 8-hydroxyquinoline group to create a multifunctional molecule that releases a metal chelator as a result of decarbamylation by ChEs 52 . Additional MAO-A/B inhibitory activity was subsequently incorporated into the same ChE inhibitor-metal chelator system by including the rasagiline pharmacophore within the structure 53 . The pharmacophores of polyphenols and rivastigmine, which are the focus of this study, have been combined in several studies. In almost all cases the degree of integration was low, resulting in multifunctional molecules containing distinct non-overlapping pharmacophores and having much higher molecular weight than rivastigmine [54] [55] [56] [57] . Furthermore, the basic amino group of rivastigmine, which is important for cation-π interactions with the active-site of ChEs 58 and is positively associated with CNS uptake [12] [13] [14] , was absent in most of the molecules 54, 56, 57 . The only exception is the study of Li et al. 59 , in which the 2-methoxyphenol pharmacophore of curcumin was merged with a structure similar to rivastigmine but containing modifications to the rivastigmine alkyl amino and carbamate moieties. In contrast, our study achieved multifunctionality through the very subtle addition of one hydroxy group to the otherwise unmodified rivastigmine structure, to incorporate potentially disease-modifying polyphenolic inhibition of Aβ fibrillation within a small druglike molecule very similar to rivastigmine. Despite the simplicity of this change, we were able to demonstrate its efficacy in vivo in an Aβ model of AD, whereas the majority of the aforementioned studies either did not examine the efficacy of the compounds in vivo 56, 57, 59 , or they did not utilise an in vivo Aβ model of AD 54, 55 . An important factor to consider, additionally, is the effect on stability and permeability of a molecule caused by introducing a polyphenolic moiety. The benefit of our rivastigmine analogues, unlike other Fig. 6 Chemical stabilities of carbamates and protection against Aβ 42 -induced toxicity. a-c Chemical stabilities of epigallocatechin gallate (EGCG), 9, 10 and 11 incubated over 36 h in pH 7.4 phosphate buffer at 23°C. Time course showing estimated % compound remaining over 36 h for: a EGCG, 9 + structural isomer 9i, 10 + structural isomer 10i and 11; b rivastigmine analogue 10; and c rivastigmine analogue 9. d Protection against Aβ 42 -induced neurotoxicity. Aβ 42 alone, or in combination with compounds, was incubated in pH 7.4 phosphate buffer at 37°C for 2 h, then added to SH-SY5Y cells and incubated for 48 h at 37°C. The final concentrations of Aβ 42 and compounds were 3.9 and 5.0 µM, respectively. Values are % viability relative to cells unexposed to Aβ 42 and shown as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01 and ****p < 0.0001 c.f. Aβ 42 control as determined by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. e Protection against Aβ 42 -induced toxicity in C. elegans at 25°C. Plotted are the proportions of individuals not paralysed for untreated strains GMC101 and CL2122, and GMC101 grown in a petri dishes (30 × 15 mm) on media pre-spotted with 100 µL of 2 mM of compound. Values are the mean with upper and lower 95% confidence intervals, based on data pooled from three independent experiments: Control strain CL2122 (n = 487) 39 , Aβ1-42 strain GMC101 (n = 678) 39 , GMC101 strain + EGCG (n = 137) 39 , GMC101 strain + racemic NAP (1) (n = 179), GMC101 strain + 2 (n = 164), GMC101 strain + 3 (n = 111), GMC101 strain + 5 (n = 182), GMC101 strain + (S)-rivastigmine [(S)-8] (n = 136), GMC101 strain + 9 (n = 122), GMC101 strain + 10 (n = 143), GMC101 strain + 11 (n = 131), where n = number of individuals assayed. Statistical significance was determined by an 11 × 2 Fisher's exact test for each time point, which gave overall p-values < 0.001. A series of 2 × 2 Fisher's exact tests were subsequently conducted for pairwise comparisons, applying the Bonferroni correction for multiple tests, with p < 0.005 multifunctional analogues, which feature permanent polyphenolic groups 54, 56, 57 , is that the polyphenol is only released after the carbamate group is cleaved by ChEs. This improves the stability and BBB permeability of the compound, as is demonstrated in our assays. It may also increase release of the polyphenol in the targeted regions of the AD brain. The strategies described in this study to deliver polyphenolic pharmacophores to the CNS for the treatment of AD could potentially be used for CNS delivery of polyphenols more generally.
Methods
Compound synthesis. See Supplementary Methods, Supplementary Tables 1 and 2 and Supplementary Figs. 1-4 
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The data supporting the findings of this study are available within the article and its Supplementary Information file or from the corresponding author upon reasonable request. Structural data are available from the Protein Data Bank under accession numbers 6EUE for TcAChE structure, 6EYF for huBuChE CHO 
